Abstract -The growth of propionic acid bacteria was directly dependent on the concentration of free amino acids in cheese, regardless of the strains of lactobacilli contained in the raw mixed cultures, suggesting that the growth of these bacteria was mainly dependent on the proteolytic activity of lactic acid bacteria. The stimulating effect of S. thermophilus was poor probably because this species produces only low amounts of amino acids in milk or cheese. Lactobacilli, which undergo cell Iysis shortly after cheese manufacture, produce large amounts of amino acids. Facultatively heterofermentative lactobacilli were shown to reduce the risk of secondary fermentation in Emmental cheese. This interaction was not due to their production of diacetyl, formate or acetate. Propionibacteria able to grow at 14 "C have a greater tendency to induce secondary fermentation compared to those unable to grow at this temperature. © InralElsevier, Paris.
INTRODUCTION
In Switzerland, Emmental cheese is manufactured exclusively from raw milk. The thermophilic raw mixed-cultures (RMC) used contain approximately the same numbers of S. thermophilus and L. delbrueckii ssp. lactis. These cultures were collected from naturally soured raw milks, used as starters in chee se factories 40 years ago and checked for their quality by manufacturing experimental cheeses. Subcultures of the best of the se cultures, containing S. thermophilus and L. delbrueckii ssp. lactis only, were kept frozen or Iyophilized. A liquid mixed-culture of propionic acid bacteria (PAB) is also added to the milk. PAB grow during ripening and confer the typical nutty tas te to this type of chee se [II, 12, 16] . However, PAB are also responsible for two faults, brown spots and secondary fermentation, which are mostly encountered in cheese manufactured in winter.The cause of the appearance of brown spots is due to insufficient growth of PAB [1] and this fault has almost disappeared from Emmental cheese, whereas it is still observed in semihard, Swiss cheeses such as Appenzell, probably due to contaminating PAB in the milk. Secondary fermentation, thought to be caused by excessive growth ofPAB during ripening [24, 26] , occurs sporadically and alters the quality of Emmental cheese. Raw mixed cultures favouring late fermentation contain L. helveticus, suggesting that the high proteolytic activity of this bacterium produces nitrogenous compounds which accelerate the growth rate of PAB at the beginning of ripening [14, 19, 20] . It has also been observed that the addition of facultatively heterofermentative lactobacilli (FHL) to the milk reduces the risk of secondary fermentation [23] and growth of PAB [15, 17] . These observations indicate that sorne lactic acid bacteria may have a specifie influence on the growth of PAB.
The purpose of this work was to study the influence of the proteolytic activity of the natural milk f1ora, and single and mixed strains of thermophilic lactic acid bacteria (LAB) on the growth of PAB, during simulated cheese manufacture. These conditions are important since rennet participates in chee se proteolysis at the very beginning of cheese manufacture; the presence of residual chymosin activity has been shown in Emmental cheese, in spite of the high cooking tempe rature used [5] . Rennet can also influence the growth of raw mixed culture bacteria [3] , contrary to our earlier results obtained with a raw mixed culture [2] . These experimental conditions were not taken into consideration in similar studies on the influence of lactic acid bacteria on PAB growth [7, 20, 22] .
MATERIALS AND METHODS

Chemicals
Ali chemicals were of analytical grade. Trypticase peptone was from Difco (Chemie Brunschwig, Basel, Switzerland). Other chemicals were from Merck (Merck-Schuchardt, Zürich, Switzerland). 
Growth ofPAB
PAB were grown in 10 mL of the defined medium,described by Crow [9] , modified by ommission of cysteine and (NH4)2S04 so as to avoid growth of PAB in the absence of a nitrogen source. The filter-sterilized wheys obtained from the simulation assay (1.0 mL·1 0 mL -1 medium) were used as a nitrogen source and the growth of the bacteria was followed photometrically at 650 nm [2] .
Simulation assay
Simulation assays using RMCs were performed in screw capped 50-mL vials, as described elsewhere [2, 3] . Simulation assays using pure cultures of lactic acid bacteria was rnodified as follows: 50-mL glass vials stoppered with but yI rubber stoppers to which 1.2 g of CaCO] and a magnetic bar were added and sterilized. The assay was performed in 40 mL UHT milk containing 100 ug filter-sterilized resazurin as a redox indicator. After addition of 8 ul, liquid rennet, to coagulate the milk in approximately 26 min, and breaking the curd by vigorously shaking the vial, the head-space of the vial was tlushed with sterile filtered CO 2 for 20 min. The temperature profile used in Emmental manufacture over the first 24 h, (heating to 53 "C in 81 35 min, maintaining this temperature for 45 min, and cooling to 30 "C in 22 h) was used. The vials were then incubated at 30 "C over 12 d. Except for the renneting phase, the simulations were stirred constantly during incubation.
Determination of the proteolytic activity
Free amino acids (FAA) were deterrnined in the whey of the simulation assays using cadmium ninhydrin [4] . X-Prolyl dipeptidyl peptidase activity was deterrnined according to Casey and Meyer [8] , using Gly-Pro-AMC (Bachem AG, 4416 Bubendorf, Switzerland) as substrate.
RESULTS AND DISCUSSION
Since the growth of LAB in simulation assays can vary depending on the RMCs used, leading to the production of different amounts of lactic acid, it was important to ascertain that the pH value was similar to that of chee se at the beginning of ripening. This condition was obtained, even with the strongest lactic acid producing RMC, by adding CaC0 3 and mixing ( figure 1). 3.1. Influence of the natural milk flora on PAB growth
The influence of the natural flora of raw milk was studied by incubating two bulk raw milks, to which rennet and CaC0 3 were added, at 30 "C for 4 d. After incubation, the microflora and the concentration of FAA and lactate were measured (table 1). Whey from sample 1 stimulated the growth of PAB-A much more than that from sample 2 ( figure 2A) . When the volume of whey from sample 1 was adjusted in order to obtain the same final concentration of ami no acids in each test tube, the two growth curves were very similar (figure 2B), and independent of the bacteria responsible for the production of amino acids. Sample 1 contained about 5 times more FAA th an sample 2. These results suggest that the greater level of proteolytic activity of sample 1 is responsible for the difference observed between both milks.
Influence of raw rnixed cultures on PAB growth
In order to determine whether raw mixed cultures have a specifie influence on the growth of PAB, simulation assays were performed with 23 thermophilic raw mixed cultures used for manufacturing various types of cheeses in Switzerland.
The results obtained differed markedly depending on the raw mixed culture used (data not shown). However, after adjustment of the amount of FAA in the whey added, < lO % variation in the growth rate was observed with the 23 RMCs analyzed. These results suggest that none of the cultures had a specifie effect on the growth of PAB since only their proteolytic activity was responsible for the growth variations.
Influence of isolated lactic acid bacteria on PAB growth
The RMCs used in our experiments contain various unknown strains of L. delbrueckii ssp. lactis. Therefore, one cannot exclude that sorne strains may have a specifie influence on the growth of PAB which could not be observed in the presence of the other strains. This possibility was examined by performing simulation assays with 30
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Influence of S. thermophilus on PAB growth
A simulation assay using 3 strains of S. thermophilus isolated from RMCs was performed. The amount of FAA present in the whey after 4-d incubation at 30 "C was equivalent to 3.2 mmol-leucine-L:'. At this low concentration, which is almost the same as the concentration of FAA in milk, the growth of PAB was poor wh en compared to the growth observed on addition of peptone (1.0 g·L-I). However, better growth was observed after further addition of 3 mmol of a mixture of amino acids, corresponding to the concentrations of F AA found in Emmental cheese [25] (figure 3) , demonstrating that amino acids are probably the limiting factor for PAB growth in our experimental conditions. Important variations in the stimulatory effect of S. thermophilus have previously been described by Piveteau et al. [20] who have shown that 40 50 stimulation was dependent on both the strain of S. thermophilus as weil as the PAB strain used. The low production of FAA by S. thermophilus compared to lactobacilli may be due to the different rate of autolysis of the two bacterial species. Amino peptidases are intracellular enzymes which are liberated into the growth medium only after celllysis [10] . Lysis of thermophilic streptococci in chee se is a slow process since it is detected only after 30 d of ripening in model chee se [18] .
In contrast, FAA can be detected after 0.7 d in the simulation assay ( figure 4A ). The production of FAA coincided with the lysis of lactobacilli, since significant amounts of X-prolyl dipeptidyl peptidase were detected at the same time (figure 48).
Relationship between F AA in cheese and secondary fermentation
Secondary fermentation in Emmental cheese, characterized by cracks or splits in the chee se body, is always accompanied by increased proteolysis of casein as identified by high values of the trichloroacetic acid soluble N (TCAS-N) fraction. An increase in propionate production together with a decrease in the concentration of lactic acid was also observed in cheeses with a secondary fermentation, suggesting that a stronger propionic acid fermentation occurs [25, 26] . Since the intensity of propionic acid fermentation is related to PAB growth, it is assumed that the amount of F AA in cheese is correlated with the intensity of secondary fermentation. Analyses were performed on 30 Emmental cheeses made on the same day in various cheese factories, using thetwo new types of PAB cultures (20 chee ses with culture A, 10 cheeses with culture B). The raw mixed cultures used varied according to the choice of cheese makers. After 24 h, the cheeses were removed to the same ripening cellar. Figure 5 shows a plot of the degree of secondary fermentation, estimated by a professional panel on an arbitrary scale of 1, corresponding to good chee ses, to 3 for pronounced secondary fermentation, against the amount of FAA, measured after 180 d of ripening. A good correlation between the two parameters was found (r = 0.735), which suggests that the amount of F AA plays a key role in the development of secondary fermentation. Since the TCAS-N fraction is also increased during secondary fermentation and since this fraction contains FAA as weil as small peptides, one cannot exclude peptides as the cause, as has been proposed previously [2] . This assumption was tested by plotting the intensity of secondary fermentation after 180 d of ripening against the values obtained by substracting FAA values (mrnol-kg ") from TCAS-N values (mmol-kg ") to obtain the amount of peptides. As can be seen fromfigure 6, no correlation exists between the two parameters.
According to these results, PAB clearly prefer FAA to peptides for their growth in cheese, which conflicts with a previous study [2] . In our previous work, we showed that commercial casarnino acids, considered as a FAA source, resulted in competitive inhibition on PAB growth, when added to peptone. However, it was discovered, after publication, that addition of the pure amino acids did not cause inhibition, suggesting that the inhibition was due to sorne substance in the casamino solution, such as salt, which is present at high levels in casamino acids (unpublished results). .
0.5 1.0 1.5 2.0 2.5 3.0 3.5 Degree of secondary fermentation Emmental cheeses [23] . Consequently numerous chee se makers, in Switzerland, use FHL. In cheeses made using FHL, secondary fermentation was observed in 12 out of 20 cheeses manufactured with the new PAB culture A, whereas none was detected in 10 cheeses made with the new PAB culture B. The average values of propionate, lactate and FAA measured in the 3 groups of cheeses are given in table Il. The propionate concentration as well as proteolysis are higher in cheeses with secondary fermentation. However, secondary fermentation, accompanied by an increase of about 20 % of propionate, was observed in spite of the presence of FHL, but only in cheeses manufactured with PAB culture A. This suggests that this mixed culture may be less sensitive to inhibition by FHL than those of culture B. To study this hypothesis, simulation experiments were performed using L. casei and L. rhamnosus alone or in addition to the most used raw mixed culture in Emmental manufactory; the wheys obtained were then tested for their activity on the growth of the two new PAB cultures. No inhibition could be detected on either PAB culture A or B. On the contrary, anincrease in FAA concentration was detected in sorne experiments, thus favouring the growth rate of PAB. According to Jimeno et al. [15] , the production of diacetyl, formate and acetate by FHL could be responsible for the growth inhibition of PAB. The concentration of these metabolites producing 5 % inhibition on the growth of the 2 PAB cultures, was determined by adding increasing amounts of metabolites to the defined growth medium. From table Ill, one can see that the minimal inhibitory concentration of formate, diacetyl and acetate is at least 10 times higher than the concentrations found in ity of cheese.They also suggest that the ability of sorne PAB strains to grow at low temperatures should be taken into consideration when producing new PAB cultures. Similar results were published by Hettinga et al. [13] , who demonstrated that the ability to grow at low temperatures was straindependent.
cheese. It seems, therefore, that the se compounds are not responsible for the inhibition of PAB in chee se. However, the controversial results shown in table II suggest that the two PAB cultures may be differentially sensitive to factors other than FHL, e.g. temperature because secondary fermentation appears only after about 120 ripening d of storage at 12-14 "C, suggesting that PAB are still growing and producing CO 2 at this low temperature. The growth of the two cultures at 24 "C and 14 "C, which correspond to the two temperatures encountered during cheese ripening, was studied. The results (figure 7) show that a slight difference in the rate of growth between the two cultures exists at 24 "C, whereas only culture A, which induces secondary fermentation, is able to grow at 14 oc. These results demonstrate that differences in PAB strains may be of importance in determining the qual-
CONCLUSION
The growth of the two new PAB cultures used in Switzerland is directly dependent on the concentration of FAA in cheese, regardless of the lactobacilli strains contained in the RMCs. This does not exclude the possibility that PAB preferentially use only sorne of the FAA. Neither acetate, formate nor diacetyl inhibited PAB growth suggesting that the inhibitory effect of FHL 20 chee ses were manufactured with culture A, 10 with culture B. Chee ses were ripened in the sa me ripening cellar. Twelve cheeses manufactured with culture A showed secondary fermentation; no secondary fermentation was detected in cheeses made with culture B.
20 fromages ont été fabriqués avec la culture A et 10 avec la culture B. Les fromages ont été mûris dans la même cave. Douze fromages fabriqués avec la culture A ont présenté une fermentation secondaire; aucune fermentation secondaire n'a été détectée dans les fromages fabriqués avec la culture B. Minimum inhibitory concentration a Samples were steam distilled, esterified and analyzed by head space gas chromatography according to a new unpublished FAM method. Les échantillons ont été distillés à la vapeur, esthérifiés et analysés par chromatographie en phase gazeuse à espace de tête, selon une nouvelle méthode non publiée de la FAM. h Determined according to lOF Norm 88A: 1988 / détermination selon la norme FIL 88 A : 1998. c [26] . d [27] . e [15] . Using the method described in [6] / en utilisant la méthode décrite en [6] .
is not due to a biochemical process. However, analyses performed in our institute have shown that the proteolytic activity in cheeses manufactured with the addition of FHL is less intensive than in cheeses made without FHL since the TCA-S-N fraction, as weIl as the amounts of FAA, is lower. This explains why these cheeses are less tasty than those made without FHL. This suggests that FHL may have an inhibitory effect on the proteolytic activity of lactobacilli thus inducing a delay in the rate of eye formation and explaining why the cheesemaker removes the cheeses made with FHL from the warm room later than the cheeses made without FHL.
Of the two PAB cultures used, one had a higher tendency to induce secondary fermentation. This culture was able to grow at 14 "C, whereas the PAB culture which never produced secondary fermentation did not grow at this low temperature.
Our results have practical implications: RMCs with high proteolytic activity, as measured under conditions simulating cheese manufacture, stimulate PAB growth and, hence, increase the risk of secondary fermentation. Strains of PAB able to grow at low temperature (14 OC) may have a tendency to provoke secondary fermentation. These parameters could help in producing satisfactory pairs of RMCs and PAB which would produce good chee ses without a risk of secondary fermentation.
